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ABOUT THE SERIES SPECTRA OF THE ELEMENTS OXYGEN, SULFUR, AND SELENIUM
by C. Runge and F. Paschen

INTRODUCTION

Since the investigations of Pliicker and Hittorf it has been known that
the discharge of electricity in a gas will produce different spectra,
depending on the kind of gas present and on its pressure. Pliicker and
Hottorf observed continuous band spectra in a series of gases exposed to the
discharges of an induction apparatus. When a Leyden jar and a spark gap
were connected to the circuit, the continuous band spectrum vanished and
gave way to a line spectrum. Schusterl, working with oxygen, demonstrated
that under the conditions which produce continuous band spectra with the
gases investigated by Pliicker and Hittori, oxygen produces a line spectrum
in addition to the continuous band spectrum visible in the vicinity of the
cathode. Both the line spectrum and the continuous band spectrum vanish and
give way to a new line spectrum when a Leyden jar and a spark gap are
connected to the circuit. Schuster uamed the first line spectrum the
"compound' line spectrum of oxygen and ooserved that it comsisted of four
lines. Paalzow and H. W. Vogel2 made a more thorough investigation of this
"compound" line spectrum, albeit using a smaller dispersion. Until now, the
most complete investigation of the compound line spectrum has been that of
Piazzi Smyth3, whose work, it appears, has attracted too little notice. His
measurements have not been included in the catalogue of the British
Association, nor in the Index of Spectra compiled by Watts, most probably
because he had the unfortunate idea of using the English inch as his basic
unit of measurement, and provided us only with a drawing of the spectrum
from which only the reciprocal values of the wavelengths as expressed in
inches can be deduced. We have also made an investigation of the compound
line spectrum, and can confirm the results obtained by Piazzi Smyth,
expanding and confirming them in several respects. At the same time we have
investigated the chemically related elements sulfur and selenium and have
found that under certain conditions they produce a spectrum analogous to the

compouni line spectrum, an effect which to our knowledge has not been noted

1) Sehuster, Pidi, ‘Coans 150, 1870,
2) Paalzow u I W, Vowel., Wied. Avn 13 1t
3) Piazzi Sy ek, Trans, Bdich Rov. <o 02
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previously. It is worth noting that these spectral lines, some of them quite

oA

strongly marked, have somehow escaped detection until now; at the same time

#

£
. £
it strikes us as not unlikely that some of the lines of unknown origin that 2

have been observed in the sun and the stars can be linked with known elements 5
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.g if those elements can be made to luminesce under other conditionms.

kst

The three spectra of oxygen, sulfur, and selenium show a great regularity
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of structure. The lines are grouped in series which follow the laws given by
Rydberg, and Kayser and Runge. A comparison of the three spectra with one

another also shows a marked regularity. As the atomic weight increases, the

PSR

4

spectrum, on the whole, moves towards larger wavelengths, a pattern similar

.

to that observed in the series spectra of other groups of chemically related
elements.
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§ 1. THE APPARATUS

e

T

Geissler tubes were set up in the manner described in our investigation

4

of the spectrum of helium.1 The only difference was that the tubes remained

connected to the vacuum pump throughout the experiments. We did not affix

the tubes in such a manner that they could be melted off. They nad to be

ot " " " e N
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constantly handled, heated, emptied, and flushed with oxygen if one wanted

o
A
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to retain a sufficiently bright and clear spectrum. The light emanating from

AL

the small window in the tube was focused on the aperture of the spectral

apparatus with a quartz lens. In addition to a small pocket spectroscope,

SR

used to control the operation of the tubes, we used a small Rowland-type
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concave grid with a radius of curvature of 1 meter, with a 4 X 8 c:n2 grooved

) u;;»
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surface having ca. 600 grooves/mm, as well as a larger Rowland-type concave

*
gt

ke

grid having a radius of curvature of 6.5 meters, 5 X 15 cm2 grooved surface

T ]

and ca. 800 grooves/mm. The Geissler tubes were connected to the vacuum

pump by a vertical cutoff, enabling us to turn the tubes on a vertical axis
without disturbing the vacuum. This gave us a choice of spectra through
either the smaller grid or the larger one. For this purpose, the centers of
curvature, the aperture, and the grids were all set up on a single plane.

The smaller of the concave grids gave a significantly brighter spectrum than
the larger concave grid, but it had only 2/17 of the larger grid's dispevsion.

1) Runge w. Paschen, Astrophya. Journ. 3. Jan. 1596.
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With the smaller grid, we obtained 17 angstroms/mm in the first order, while %
the larger one gave us close to two. At the same time, the smaller dispersion ég
= is by no means a disadvantage for many purposes, since it allows a rapid ‘%
E overview of the entire spectrum. We did not set up the grids according to :%
; Rowland's specifications. 1In paFticular for the smaller grid a different é§

el

setup proved more suitable. The aperture and the grid were placed in a fixed

AT (R

position on a mirror glass plate blackened with lamp-black. When the aperture

ny
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lies on a circle drawn around the focus of the convex mirror formed by the
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grid at a distance of half the radius of curvature, the spectrum is found on
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the same circle. There we prepared a solid wooden frame onto which a

pod
|

Schleussner~type photographic film was attached by means of rubber bands. The

wooden frame was bent in such a manner and affixed to the glass plate so that

{ the whole spectrum was correctly projected onto the film. A cover constructed %
% of wood and cardboard and set over the entire apparatus guarded against ,ﬁ
f i outside light. This setup is also to be recommended <or direct visual %
2 ! observations. We placed a scale, calibrated mechnically and copied onto %

photographic paper with intervals of 10 angstroms marked, on the wooden frame.

Thar )
e

The edge of this strip of paper could be pushed into the spectrum, enabling I

the observer to read the wavelengths of the spectrum rapidly within an =

RIS

accuracy of about one or two angstroms. For some observations speed is more

P &

vital than accuracy, such as when the spectrum is changisig rapidly and one F

desires to know which lines appear simultaneously. The whole spectrum was

T——r—
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not longer than 25 cm, so that it was not necessary to leave one's seat in

EYRTI

i

order to survey the entire spectrum at a glance. This setup is alsoc suited

Qi s

for exact visual measurements. TFor this we affixed a microscope with weak

AT R P Bt
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magnification to the rumners of an Abbe-type comparator, the microscope

being equipped with crosshairs. One could then read off the displacement

of the microscope on the comparator scale when the crosshairs were centered
on a given spectral line. One could then interpolate from the wavelengths

of known spectral lines the wavelengths of unknown spectral lines lying
between them. We used this technique to measure the red lines of our spectra.
Photographic measurements in this case would not have been practical, due to
the weak sensitivity of the photographic emulsions sensitive to red. For

purposes of comparison we used, in part,

Gt -
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the red lines of the solar spectrum as measured by Rowland, and in part

hid
h

lines from the spectra of oxygen and argon which had been calibrated

against the solar lines. For the red portion of the spectrum, the

LNV g
A ]

spectrum of argon is especially useful for purposes of comparison, since

T
AT

)

it contains an adequate number of bright red lines. Of course one must

first make an exact measurement of tha argon lines; the extant figures

supplied by Crookes, Kayser, Eder, and Valenta are not exact enough in
this part of the spectrum.

We will publish our measurements of the argon
lines in a separate monograph.

T B R R P

For the large grid, we also have used a
setup that reduced dispersion by about one half.

0
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A six—inch refractor
belonging to the Geodetic Institute of the Polytechnic School was set up

so that the aperture coincided with the crosshairs, and che light coming

through the aperture fell parallel on the concave grid.

The spectrum then
lies on a circle the diameter of which is equal to the line connecting the
grid with its focal point.

b

This increases the brightness by a factor of

four, and gives the advantage that in the vicinity of the focal point the

h "’"-“'”\{' I’I i i

image of the aperture is, as is shown by the thecry of grids, not astigmatic,

and thus the imperfections of the aperture and of its adjustments are
obviated.

»

g et os LSRR

This setup is recommended for laboratories where lack of space

makes a Rowland-type arrangement with a large grid impracticable. In our

method, the room need be no larger than 4 meters in length. In order to

3 obtain the greatest possible brightness in visual observations, we have
E used a cylindrical lens as magnifving glass, by setting its axis parallel
to the lines. This way magnification is limited to the direction of the
spectrum, which after all is the main consideration, and not in the direction
of the lines, and more light is concentrated on a given area of the

£ retina than if one magnified in both directions. WNaturally this is only

e applicable when the lightrays projected from one point on the line do not

fill the pupil of the eye in a vertical direction. In the case of the

large grid, however, they are far from meeting this conditionm.

-
R

The grooves
cre 5 cm long, and without the refractor the spectrum is ca. 650 cm removed

from the grid, while with the refractor this distance is reduced to 325 cm.

N ATL U A ST

The angle formed by the rays from one point on the line is cyual to 1:130
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. or 1:65. When an ordinary magnifying lens is used, e. g. one having a focal

length of 3 cm, the lightrays from a given point on a spectral line will have

a circular diameter of 0.23 mm or 0.46 mm when they reach the pupil of the

TREETY

observer's eye, while the pupil itself measures 2 - 4 mm in diameter.
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§ 2. THE COMPOUND LINE SPECTRUM OF OXYGEN
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In order to obtain the purest possible spectrum for oxygen, we emploved
the methods described by Paalzow and H. W. Vogel.l

>
e

=

Using a U~shaped curved
tube, we connected both arms of the tube to a mercury vacuum pump. We filled

the tube with concentrated H2304 and inserted platinum wire electrodes which

then were used to generate hydrogen in one arm and oxygen in the other by
running a current thiough the apparatus.

AR AR

BRI

oy

From the one arm of the U-shaped

T e

tube the gas was sucked directly into the vacuum pump, while the gas from the

oA N R AR AT

other arm first passed through a Geissler tube, then through a U-shaped bend

in the tube filled with a solution of potassium bichromate in concentrated

RO TR

H,,SO4 and then passed into the tube connecting the other arm to the pump (see

illustration 1). The chromic acid has the purpose of keeping carbon compounds

from valve lubricants away from the Geissler tube. By this means it is not

difficult to avoid the carbon oxide bands that so easily form in the spectrum
of a Geissler tube.

A L om ot
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When the tube is heated with a Bunsen burner and a stream

At

of oxygen is passed through it, with the pump operating continuously, the tube
will show a pure oxygen spectrum; only the hydrogen lines H., Hg, Hy, etc.

remain, and we have made no effort to remove them.

AR

D

Mercury lines also appear
eagily, as do the sodium lines D

4

1 and D, when the capillary becomes hot. All
these lines are normal and desirable.

PRI

~to the pump

In other parts of the tube, the bands

PR ELLAL
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2 ~ T valve

4 observed by Schuster were visible, and o~ T

- ( a whole series of the lines of the ) . -
SR L =

e i spark spectrum, even though no Leyden Lo e -~

E: . ot Tz

& jar or spark gap had been connected :;g:i};‘m

3 to the circuit. In the capillaries (=S __ == —

2 the lines of the compound line ~ R + IKZCr207
5] E

- spectrum appeared. window HZSOA or H28e04 solution
;f 3 by Paalzow w. H. W, Vogel. Wied. Aan. 13 p. 35, 1331 ILLUSTRATION 1.
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When a Leyden jar and a spark gap are switched into the circuit, the lines

of the compound line spectrum dim and become less distinect. Simultaneously
the lines of the spark spectrum appear much more strongly in the capillaries,

while the bands vanish. The wavelengths of the compound line spectrum are:
A

e ——

'j'a,g. = gg - KEY TO TABLES ON pp. 6-7:

' 3‘5 E 3 3 ™

8 8] iz E  Damerkungen

%gg. £F 23 2 = e A Wavelength related to
2 = =3 -

2}_. . N3 e . Rowland's norms

193,00 0.0l 4 3o Deslamdees Dy 2483050 1)

$000,380  o0mt i T segen Eleenvormaion Deslandros: 3692,0 B Mean error

#8314 0018 2 7 gepen Elsennormalen Deslandres: 2823y & ¢ No. of observations

3§28,22 004 3 " , -

290,41 0T 8 2 D Remarks

T80 T

Aot e’ T Deslaniresr S0

(AT YA T 3

DN TR M AR Y N s edwnt Gizesteoinaber Deslpdraes 000

N0) S trty

232,04 Vg

FILR e '

AR BT VAU N Lo 2egp pleesneemegeny Seanstors s _!g_

VKN

(5,30

ol el 2 2

a measured against Deslandres iron norm...

b measured against Schuster iron norm...

¢ 1in three exposures the two lines couldn't be differentiated; in these
the mean is calculated at 4654.,66, the mean error at 0.05

d 1in four exposures the two lines could not be differentiated; in these

the mean is calculated at 4772.96, the mean error at 0.015

not separated in three exposures; mean 4802.29, mean error 0.08

mealﬁfid against Piaizivsﬁifh‘iioﬁ norm. ..

indistinct

against iron norms; a weak companion found on side of smaller wavelengths

against argon lines

against argon lines and solar lines

the mean error of the mean is 0.015; the distance between the two lines is

less, precisely because it was hard to see them when the aperture was set

sufficiently narrow to separate them

I b I» 57 Rk im e
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1) Schustcr, Astrophysical Journal 5. p. 188,
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NOTES TO TABLE ON p. 6:

1) The figures given here for mean error are not very meaningful in cases

LA TR SRR

where the number of observations is small, since it is possible that in

E:
3
3
3

£

£
3

a small number of observations the deviation from the mean can also be

quite small. Nevertheless we thcught it right to include the mean error

Y PATN AR} e AC T

- since when taken as part of the whole picture, they give an objective

b representation of the accuracy of the results obtained.

£ 2) These measurements are not in relation to Rowland's norm. Were that the
é assumed norm, our figures would increase by a factor of 1:7000.

3) The mean error for these lines is derived from a comparison of

e measurements taken from photographic exposures made using the smaller

FERATLNET TN KA DR R T T R PP PR

E grid, where the three components do not appear separatelv. The intervals

between the components were determined by using the larger grid. The mean

counted once. To a point this is an arbitrary assumption. It is quite

;? error, therefore, refers to the point of greatest intensity of the three é
i merged lines. This was found by reference to iron norms at 3947.572. =
é The wavelengths of the three components were then determined in such a %
i way that they would show the intervals measured by using the larger grid, %
';E with their center of gravity lying at 3947.572 when the strongest line %
é was counted four times, the second strongest twice, and the weakest line ;%

’
]

possible that the point of greatest intensity is determined primarily

LA

by the first linme. 1In that case all three components should have larger

wavelengths.
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= 4) d means doubled.
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The triple red line at 777 was determined by reference to iron iines of
the second order. Since these could znot be compared visually, we attached
2 number of fine wires to the camera in positions on either side of the
red line and parallel to it, measured the position of the triple red line
in relaticn to the wires, and then determined the position of the wires
relative to the iron lines of the second order by making photographic exposures
of the iron spectrum preceding and following the oxvgen observations.
During the procedure the wiras were placed next to but not touching the
pnotographic plate itself. By comparing exposures taken before and after
the experiment, we were able to assure ourselves that the position of the
wires had nct been disturbed. 1In addition to the lines iisted in our table
we also observed some others whicn we take to be oxygen lines of rhe compound
spectrum. These, however, were read only from the paper scaie, and
are accurate only within one or two angstroms:
6107 int. 2 Piazzi Smyth 51C3
7157 int. 1
7454 inr. 1
The measurements by Piazzi Smvth listed in our table are czken from his
dravingl and converted to Rowland's scale, by which means we brought
Smyth's figures for H,, Dl’ and D2 into the best attainable correspondence
with Rowland's figures. His measurements when taken as an absolute iandication
are by no means remarkable. Taken as a relative indication, they
are very good indeed for his time. A few weak lines on Smyth's list, which
we have not found in our observations and which we assume are not oxygen
lines, have been excluded from our table. Piazzi Smyth was the first to
have observed and measured three times the lines observed by Schuster,
and he was the first to have discovered three additional lines of the same
structure. It also did not escape his attention that these six triplets
are not only of the same structure, which characterizes them,z but also
that they form a regular system when taken as a whole. Had the laws of
series been known at that time, he would have recognized that the oxygen

trlplets form: two subseries converg1ng on a single point. In each instance
1) Piazzi Smyth, Traos of the Roy. Soc. of Edinbargh 32. 1334.
2) Piazzi :mvth sagt sehr rchtic  The characteristics of A3

Ogygea ipiat are 50 peculiar 3 0 ciosels adbered 1o in every

stance, thatd have beem abie in fome iubes swarminy wicth lises of

impuritics to pick obt au Oxrgen Tipict as easily as wae would i
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he takes one triplet of a series with a triplet from the other series and

observes that they converge, pair to pair.l)

NOTE 1) As we were in the final stages of our work, Schuster informed us by
letter that he had found that the six triplets (also observed by
Piazzi Smyth) form two subseries, for which he had calculated
formulas.

We were also able to follow one of the series further through three additional

) triplets, for which further details are supplied below.

The triplet in the extremity of red at 777 was also discovered by Piazzi
Smyth, but he did not separate it. When one considers the lack of sensitivity
of the human eye for this portion of the spectrum, one arrives at the surmise
that this triplet must have a relatively high intensity. Probably it contains
by far the strongest lines of the compound line spectrum. This triplet is
especially interesting since since its three lines, as far as can be judged,
occur with the same relative intensities among the Fraunhofer lines.2 In
Higg's Atlas of the Solar Spectrum, these lines lie at 7772.20, 7774.43, and
7775.62, of which the first line is the strongest and the last the weakest.

The deviations from our measurements are within the range of observational

error. It must be taken into consideration that in our observations the
mean of the two weaker components is much better determined than is their

interval, since it was difficult to see them with the narrow aperture, whila

< E
Y
4]
=33

they merged with the larger aperture. The mean of the two components is
7775.14 and corresponds well with the mean 7775.02 of the lines of Higg's

3 atlas. Schuster and Piazzi Smyth already observed that the lines of the

' compound line spectrum occur among Fraunhofer's lines. But their data were
not exact enough to allow for firm conclusions. Now Rowland has made such

: exact measurements of Fraunhofer's lines that We had to demonstrate each of
; the components of our triplets individually among them. This showed that

the other oxygen lines, accbrding to our measurements, could not be found
among Fraunhofer's lines, or could not be demonstrated with certainty. The
Fraunhofer lines with which they could be identical were, when found, so weak
and surrounded so thickly by other weak Fraunhofer lines that a correspondence
within the limits of observational error is meaningless. In the following

2) Vgl. Runge u. Paschen, Oxyzen in the sun Astrer hysical
Juurnal 4. Dec. 1996,
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table we list the strongest of the oxygen lines alongside ROWIand'nx)
measurements of the adjacent Fraunhofer lines and those of the chromosphere.

R GEES : T S T
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Lining
mtene Foee o der [Hhutige Dnicn
sitfe aen: VREOmOe kel ey
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JEECUOIRILYT_( I SRV v S

SEN2ANT 0NGn
LI BRI TR TONBRRATS  ughi
' ER0Q.T0 ol
G200 b 4 i,y
LSRR 0 v
G047 30 bl
Hi: R gty ) JuToul 2
304700 l *) 3 2047,875 4 Fe
RHETIS N I HE T RN 1
SO4TONE 2 Ti
395478 Q.02 AL YRR 2 NiMn
3954,557 1 Fet
4368,291 V]
+363,47 . 0,01 10 43¢8,462 Q Ni
i 4368,629 000

1) Rowland, Prelimioary table of Solar Spectrum Wavelengths
Astrophysicabr Journ, 1-=a,

2) Cf. Note 1, p. 647 (p.
3) C£. Note 3, p. 647 (p.

8 of translation)
8 of translatiom)

KEY TO TABLES ON pp. 11-12:

A oxygen lines )
B mean error

C intensity

D Fraunhofer lines

E intensity

F element

G lines of the chromosphere

H frequency

I intensity
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pointed out the close correspondence btw. the two green
Astrophys. Journ. 5. p. 163
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After 777 the strongest lines are the lines of the triplets at 3947

and at 616, and the line at 4368. These in fact come quite close to

! extremity of red, because heere the density of the lines is less, and thus

YRy

Fraunhofer lines. We would especially like to point out the triplet at ég
3947 which, as we will see, belongs to one series with 777. According to g
this the middle line would be masked by an iron line. The two others, é
3 however, are somewhat stronger Fraunhofer lines with the right intensity ‘ %
?i relationships and of hitherto unknown origins. By far the strongest eviience %
é? for a coincidence with Fraunhofer's lines exists with the three lines at the g
2t
5

a coincidence is far more significant.

R

Jewelll has investigated these three Fraunhofer lines as to their

terrestrial origin and has found that they increase in intensity as the sun

G

nears the horizon, and that their intensities show a greater variability than
those of the oxygen band A. From this Jewell concludes that the Fraunhofer
lines have their origin in water vapor in the atmosphere. It follows that
their correspondence with oxygen lines must be accidental. We do not agree

with this conclusion, since it seems improbable that both wavelengths and

R L A A A

intensities in this relatively unpopulated area of the spectrum should
coincide by sheer accident. There is also a further argument. As is shown

below, the oxygen spectrum reveals definite regularities according to which

2 £
3 we can predict certain values for the wavelength differences among the red ig
5 &
7 oxygen lines. Now, Higg's photographs show the three Fraunhofer lines with f%
= #
Z greater accuracy than could be achieved in our own measurements of the red i
5

%

lines, and the differences in the wavelengths of the Fraunhofer lines agree

even better with the predicted values than do the measurements made on oxygen

itself. It follows from these observations that 1.) the lines of the solar

S TR L 100

%: spectrum are identical with the oxygen lines measured by us, and therefore ’%
i: 2.) that they cannot be lines produced by water vapor in the atmosphere. ,%
% Jewell's observations show clearly that the lines of the solar spectrum are F
i of terrestrial origin, but the proof that they are, in fact, produced by %
g atmospheric water vapor seems far from clear to us. Thus we have no choice .f
; but to assume that the lines of the solar spectrum have their origin in the 4%
i* absorption of atmospheric oxygen, and that we are faced with the remarkable i%
"i 13 Jewell, Astrophysical Journ. 5. Febr. 1897, E
? 14 £
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case in point, that is that oxygen in Geissler's tubes also emits the very
s:me lines.

S
e e

T

As for the coincidences with lines of the chromosphere, no conclusion

can be reached. 1Iu ihe case of the two green triplets, the strong triplet 2

at 616 should also appear for the sake of the continuity of the series.

As s

long as this is not observed, the other coincidences must be regarded as &

: accidental. %
§ 3. THE SERIES OF THE OXYGEN SPECTRUM ‘%

N

In addition to the six triplets observed by Piazzi Smyth, we have found g

seven other triplets of the same structure, which along with the first six 2

form two series.

In the case of three of them we were also able to measure

all three components; in the case of the weaker triplets the weaker components

merged, so that we were only able to measure the strongest component and the

mean formed by the two weaker components. The differences in the frequency

numbers of the three components of each triplet are, insofar as the accuracy

of our observations allows for a conclusion, the same for all triplets. In

3 the following taple, the reciprocal values of the wavelengths, reduced to a
b
5 vacuum, are indicated.

e T R At ML

0

The comma [i.e. decimal point] is placed in such a
manner that these reciprocal values are equal to the total number of

oscillations needed by the lightwaves to traverse the distance of 1 cm in a

vacuum. The reduction to vacuum values is according to the method described

by Kayser and Rungel in their study of dispersion in air.

Although this
reduction is not crucial in order to convince oneself of the constant in the

frequency differences, it is desirable for some of the calculations that
follow.

1) Kaysee i Ruzge, Abhancl. d. Berl. Akud. 1843,
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A B c 4 B C KEY TO THE TABLE:
T W idur A as observed
= B 1/ reduced to value in

NI N 0y 208175
e o s T g e q= 244 a vacuum
RERL BT s . 300,82 p~17.80 (24
. - . , i
303400 [ReE NI = 30008 R{VER SN C difference
RN RO R L, AT R
218,003 LSt " 43Tt B{CRERIPRL i
) D4
Bidus L2 e - STLIY 2y 1
vl T o NP 213sven .
BENOU6s TavaelT ) RSN 2100t :
MR rludes o 405004 S14T5 s .
., - - AN
5350885 18TI8W0 IR BL4TTOT o
“5 NY4
3320774 18TOT. P esaal 200
s a0 1 iy o )
R INURY 1875004 453007 ;..'l:éL’,lr -
5020.51 14913.53 e 4009,16d 2178449 -
soiege 1991639 hep 0TTa4 21853 )
501,68 19918,u9 576,970 21842.50 415
4953,94 20119,50 . 4523,70 2209971 "
1985,04 20123,14 520,050,  22103.37 36

4967.58 20125,01

With the first four triplets, the intervals between the components could

be measured by use of the larger grid. Thus those values are more precise

by far than those of the subsequent triplets. If one considers only the

former, the following mean for the differences is obtained: 3.20 and 2.08.
One can then adjust the three compOnents of each triplet by weighting them

in such a way that the above differences obtain, even as their center of

gravity remains the same.l) The second column in the table below indicates

the values that have been adjusted according to this method. The three

components are weighted 3, 2, and 1 respectively, according to their order

of intensity, which gives an approximation also of the exactitude of the
measurements. |

l)This procedure can be deduced from the method of least squares.,

e Best Available Cof:
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KEY TO TABLE:

- mntaprees. ni.
CePleederte

Siwnranags i gl Ditdorens Digerens der D Frequency number
' et enseds Welleniinge
o . oo —— . " E Adjusted frequency number
1343457 1043405 - 4,01 IRZTE F Difference
10488,23 BIEET w0l —a = T
TUORAR LoatGd - od ~urtt G Corresponding difference
.‘4.'-7::..-‘ ‘:':.‘..”...45 -~ (.’-’.':i- -~ “u’."-:l in wavelength
et DLt -l - il
nuhe IR = nar) - oad
T2 2IT I iagatoov - (o I
183u0.9% 1a3vl.uy + 0003 -0y
18%02,99 12308.08 + U4 - 027
18798.59 1875303 + 003 - 0,08
18953.20 187503 - 0,01 - .00
1873u,04 1275048 - 9,03 -~ 023
1h013.84 19015.08 - 0,25 00Ul
19916,73 19917.08 + 0,30 - 0076
100018.09 19919.16 + 0,17 — 0,043
20119,50 20119,44 - 0,08 - 0,015
20123,14 o 201 "8,14 ; 0,00 0,000
20125,01 20125,22 + 0,21 - 0,032
20313,34 20813.46 - 13 <~ 0.042
20%17.30 2081%5.3 < 0,08 —0.014
20319.04 20819.44 + 0,40 - 0.003
20941.31 20041.2 —0.03 ~ 0.00%
20943,12 20044.98 —1).14 + 0.032
20946.68 20847.06 + V.40 — 0.091
214788 21472,58 — L - 0,022
21430.95 BT e 1. — - 0020

20475000 PARTHIL I Ry - 00

The corrections one would have to make in the wavelengths in order to
bring them to the same difference values lie entirely within the range of
possible observational error. As for the four triplets where we were not
able to measure the weaker two coﬁponents separately, the difference for the
frequency value as measured for the strongest component and the arithmetic
mean of the two weaker ones should equal 4,74, But the arithmetic mean of
the two weaker components cannot be observed when they appear merged, since
the observed line tends towards the stronger of the two. One can estimate
this deviation from the arithmetic mean by comparing measurements taken from
photographic eﬁposures where the weaker components of the other triplet have
merged., Here, we measure the following:

17
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H i I J KEY TO THY TABLE:
Gemesen  Anthm, Mittel  DistFens
0192y 1024 w4 E Measured value
4202,29 102,15 .11 A .
477296 4732,40 w05 I Arithmetic mean
165408 $654,53 UXTERS J

. Difference
mean s
When we assume that the wavelength as measured is also ca. 0.07 more

than the arithmetic mean for the four triplets that could not be measured
three times, then the frequency number which corresponds to this measured
wavelength must be ca.0.33 smaller. 1If the frequency-difference for these
triplets is also constant, then we can expect to find the difference between
the frequency number of the strongest component and that of the measured
center of the two others to be not 4.74 but closer to 4.41. In fact that
difference was found to be 4.35, 4.32, 4.15, and 3.66, meaning only 0.06,
0.09, 0.26, and 0.75 less than was expected. Thus the correction for a
uniform frequency difference can be made by adjusting the values for each
pair by 0.03, 0.04, 0.13 and 0.38 respectively, which corresponds to a shift
in wavelength of 0.007, 0.008, 0.027, and 0.073 angstroms. For the
frequency numbers of the strongest components we would obtain the following:

21389.59

21780.13

21838.22

22099.33

The 13 triplet are, as Piazzi Smyth has already
noted of the six t lets known to him, distributed
over the spectrum in a regular order. They form, as
is shown in the illustration at the end of this Oxygen triplet:
monograph, two series converging on the same point, 3947.48/3947.66/3947.76
similar to the two series of triplets observed by Exposure made using
Kayser and Runge,l) in the spectra of magnesium, large grid (enlarged)
calcium, strontium, zince, cadmium, and mercury.

1) Kayser u. Ruange, Abhdl. dor Berl. Akad. 1391 "8‘-_““"“
Rydberg, Kongl. svenska vetenskaps. akademiens handlingar. 23. Nr. 11.
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For each of the two series one can represent the frequency numbers with
considerable accuracy in the format
1-8_ L oralsoas 4—2 =

s 7] . 1n°”

where A, B, C are constants and n runs through the values 3, 4, 5,.... .

A has three separate values, corresponding to the three components of the
triplets, the differences among them equal to the constants of the frequency

differences 3.70 and 2.08, while B and C have only one value each for each

series of triplets. B in any case has values which do not vary a great deal

for the series of all elements, so that for the most part the two subseries
are differentiated by the values of C. --In our calculations, we have to
take only one of the components into account, e. g. the strongest one.
Having found the formula for representing the strongest component, then
formulas for the other components can be derived from it by simply adding

the numbers 3.70 and 5.78 to A. At the same time one can demonstrate that

the formulas for the two series differ mainly by the value of the constant
C. The frequency numbers of the neighboring triplets of the two series
result in differences approximately proportional by l/n3

Difference

(Y27 N

This also shows that the formau

A= T
will give us a better correspondence than the format
. ; s«
R at

The frequency numbers of the stronger series are represented by the formulas:

23207,93 — 110437.7 n=2 — 3314 a=3
28211.63 — 110337,7 n-2 — 4814 a~3
23213,71 — 1103875 n—2 — 4314 n~-3

We have made the same observation regarding the formulas for the series

in the spectrum of helium.
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the weaker series is represented by the formulas:
23108.35 = 10TSUT.4 =2 = 33108 n=-
JHOTDD e 10T00T,1 ne2 e ALV =
JUIOVHL < (0T50T, 1 =d e i1 g~
where n runs through values 4, 5, 6, ... The value n = 3 still gives us

positive frequency numbers, but since these lie within the infrared range,
we were unable to make any observations. The constants for the formulas are
calculated by the method of least squares from the frequency numbers of the

strongest components of each triplet, following the adjustment of values to

identical frequency differences. In this we assigned the same weight to all
frequency numbers, aven though the smaller numbers are determined with far
greater accuracy. It is especially desirable that the first constant of the
formula, which gives the point from which the series originates, be determined
as exactly as possible. The constant is, in any case, principally determined
by the highest frequency numbers. Thus it is useful when these are assigned

a greater weight than would be warranted by their accuracy. In the tables belo

the values resulting from the formulas are compared with the observed values:
8 stirkere Serie,

Seirkate  Cotoponenter 2820708 — 1103975 e e S LG
Mittere " Cumalleig e et s e it s KEY TO THE TABLES ON pp. 19-20:
LYRIRE S 1S C I R R B A -
d e £ ... .. @& stronger series
Leeoehmut Bosbacitote Dot tem L B
schwingungszabl Sebwinguigaaunl Loniites Wl b strongest component
e T T ERSRRE ‘ ¢ weakest component
16288,48 ' 10223,5¢ + .04 - u
3 I‘ 18287.18 w-.'a::'.'s + 0. — d calculated frequency no.
e D [} N n.l — “|*
123026 18230,34 0l e e observed frequency no.
13753,01 18753,60 - 0,26 - (.08
5 l xs"'.m:sx 16757,.9 -2 - 0% f observed — calculated
y 5 -V ':‘ ":' U»'J*
oowmoao o 19T00 o g corresponding difference
Cozontegz o 2001980 o Ol e - 04 :
8 { 2012802 ' 20128,14 + 0,12 — 0.3 in wavelength
2012800 ' 2012500 - 0,00 + 0,02 h wveaker series
20041,08 . 20041,01 + 0,23 - 0,03
d J 20944,79 ' 20045,12 + 0,34 - 0.08
| sop4e48  20048,08 - 0,20 + 0,05
' 214%3.52 21433,38 + 0,00 - 0,04
] 8147%.42 2145507 + 010 — 0,08
e R 2147000 - 0,41 + 0,00
‘ 21838,52 21434,35 -017 . +004
9 2784222 | L., .
| srsagco (| itsas0d
‘ '3#099-34 '.":‘.'99071 - “'047 - ",!0
{0 . aning, oy ‘l

. 1 -
! q250h @ :
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N ~ - {1y rerepng .1 *)oytt : i
| , Schiwluguugazabl Schwiogungszaki  Besechuet Walleulinge
i‘ v e - ST T Sl PR SR T30, ¥ L0  Tpuey FPNRE TR "L ¥y LUKT I P EAPTEL 1] PR3+ IRENRNS RN LI PR N N
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ST THR et -l -t
SRR TINTATS agtont - -2
i 13392,08 15092.99 - )42 - 27
Ty 19%13,71 10915598 - 0,08 - (Ul
S UYL NY| 1991078 -0 AU
‘ 16%19,40 1601+,99 -—1),01) - V.19
I 20814,61 2081 2,84 - 055 ~ 0,13
% ! 218,01 20817.30 - 1,01 - 0,24
20840,59 2051104 — 1,35 + 0,31
lg 21389,868 : 21289.42 - 0,24 . + 0,05 ’
8 | 2150858 | . ‘
“ aisenes | 2189897
‘ ) 216€90,26 21790.17 & 1),89 : - (0,19
| 0 ‘:
l 9 11 21782,09 D o118449

21788,07

! The first constants in the formulas for the two series diverge

: relatively little from each other. The difference is 14.08, which equals a
wavelength difference of 2.6 angstroms. From this one can safely assume
that the two series originata at the same point. Accordingly they are called
subseries, following the nomenclature adopted by Rydberg and by Kayser and
Runge. We have called the stronger series the 1. subseries, the weaker

5 series the 2, subseries. Rydberg has another series formula, according to

which the frequency number equals .
. A= Bl ==l

If one assigns ;uit;ble values to the three constants A, B, u, one can
represent the frequency numbers with a degree of accuracy not substantially
different from that achiaved by Kayser and Runge's formula. In fact, the
difference between the two formulas does not appear significant, provided
one thinks of Rydberg's formula as developed from ncgqtch povers of n.

The conotnnt/A'éhn alvays be taken as lying between =0.5 and +0.5.
: ‘ 2l

i
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The smaller the proportion between‘F.and n, the more one can neglect the
We have also

b
o

Wl

SRR s s s b parscs

i

subsequent members of the series as against the first omes.
for the strongest line of the triplets, and

Ik

)

Nl

calculated Rydberg's formula

3;';

5 find: e
- KEY: =
e i. Nubenserie: 2320756 — (I 06 . — UwEie> - 1. subseries {,5:
; 2, Y T KPR T W L [ PRI PRSE L i
& 2. subseries 3
= 52
= Deviations of the calculated values from observed values are given in E%

¥

AR

< angstroms: —

4 l.subseries 2.subseries
—oy2 - e

; S TRIYY —_0.1d

4 — 003 = Hus

— 00 R U

4 — 0,u1 + 0,04

= + 0. —0.10

3 —0.02

: Both formulas approximate observed values somewhat better than do the
With the second subseries the difference is

formulas of Kayser and Runge.
Another

still worth noting, but with the first subseries it is negligible.

e
Ee factor favoring Rydberg's formula is that the first constants in the first

and second subseries converge more closely. The points from which the two

3 series originate according to these formulas are only 1.4 angstroms apart,

and the difference between the two constants has been diminished.

Rydberg has stated his expectation, derived by analogy from the series of
line-pairs in the spactra of the alkalis, that a main series of triplets
accompanies every two subseries of triplets, and that the frequency numbers
for this main series can be derived from the formula for the 2. subseries.

Yet, until now this main series has not been noted in any of the'triplet

spectra. In the spectrum of oxygen, however, Rydberg's prediction has been

fulfiiliad on the whole. The comnection is as follows: given that

.."=—_"3-:.R-r'!l_--: o= 123 E

constitute the formulas for the 2. subseries of triplets, where n = 2 is the §
i

least value for which the formula will produce a positive frequency number, i
]

which_can still be brought about by altering the value of}; by the appropriate

A

13 Rydberg, Svenska vetensk. Akad. Handl. 23. Nr. 11. p. 39.
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integer. Then, the formulas for the main series are:

_:'_..B',g—:,‘ T = 1.2,

ad

o

|

WIS

where n runs through the values 1, 2, 3, ... and where, according Rydberg,

1 L.=28
B

';2) 4 =

NETIRATS

should be true. Then one should, according to Rydberg, be able to represent

the frequency numbers of the 2. subseries by the formula:
Bl + 6.y —{n+ w4,

and those of the main series by the formula:

*

2 BY{L 4wy = (5 27
At the same time, according to Rydberg, the intensity relationships of the

el bR

three components should be the same for %=1, 2, 3. From formula (1) follows

WG

that the strongest and the weakest components in the main series should be the

reverse of those in the subseries. Since . — 7. ~“which, according to (1) ought

AR B PR

to be proportional to A, , increases with increasing o and therefore — —™.7-
= decreases with increasing & 1In the triplets of the main series of oxygen,
therefore, the strongest line ought to have the largest frequency aumber and
the weakest line should have the smallest number. Furthermore, the first

Z; triplet of the main series (n = 1) must give us the same frequency differences

2 as the triplets of the subseries, while the subsequent triplets rapidly
converge.

Accordingly, the first two triplets of the main series should have the
following frequency numbers:

strongest component
middle component
= weakest component

= After larger frequency numbers there are in fact two strong triplets of the

expected structure, i. e. the stron; red triplet at the wavelength 777 and

MY

the strong triplet at 3947. These give the following frequency differences: :

Y
LY

strongest component
middle component
weakest component

AT
WA PR

The frequency differences for these observed triplets fit the calculated
values so well that any difference between them can be assigned to normal

observational error. In the case of the red triplet, the distance between

23
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the two weaker components might easily have beem judged too large, since

they were only visible separately when observed with the narrow aperture,
which produces a reduced brightness making accurate measurement difficult.
The center of these two weaker components should be more amenable to accurate
measurements against the stronger component, since this difference could be
measured at the larger aperture. In fact this distance as observed matches
the calculated value quite exactly. The distances between the lines of the
second triplet which could be photographed in the second order with the
larger grid were also exactly as calculated. Therefore we unhesitatingly
express our conviction that here for the first time we have observed a main
series of triplets, and that Rydberg's link between the main series and the
second subseries does indeed represent a certain approximation of demonstrable
facts, as far as oxygen is concerned. Equation (1) appears to be fulfilled
more exactly in this case than equation (2). which is alsc the case for the

alkali spectra. The content oi egquation (i) can also be expressed in the

following manner: d—i,=d4-B 1+ -2,
or in values: the differences of th2 positions from which the main series
and the subseries originate 2qual the frequency numbers of the first triplets
of the main series. This is the way this law has been formulateé by Schuster
who had newly discovered it, without being aware of Ryéberg'sl monograph. It
is interesting to note that the frequency numbers of the Fraunhoier limes,
which appear to coincide with the lines of the first triplet of the main
series, give the caiculated differences quite exactly, even more exactly

than do the oxygen lines measured by us. According to figures given in Higg's
atlas the three lines show frequency differences of 3.69 and 1.97, while the
triplets in the subseries give on the average 3.70 and 2.08. The second
deviation equals a difference of 0.07 angstrom, which lies well within the
margin of observational error. This confirms, as stated above, our conviction

that the Fraunhofer lines owe their origin to oxygen.

The conclusive proof that the triplets at 777 and 3947 are components
of the main series will come only when subsequent triplets of the series are
Stserved. The next tripiet should total §.0% angstrom unists ani
lie near 3334; the next one should be even narrower and lie alss=
“c 311i7. We nave not been 2tlie ¢ locate ihesa

1) Rydbery. Nature 53. p. 209. 2y
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It is nevertheless possible that the decrease in intensity, which is even
more pronounced in the main series than in the subseries, turns so severe at
this point that the lines in question are not as yet detectable with our
methods of exposure. Of the lines observed 3947 still had an energy great

enough so that we would have expected further lines even given our methods
of exposure.

Qutside of the triplet series there are two other series of lines in the

- oxygen spectrum., .In all probability all of these lines are in fact narrow

pairs; the four brightest appear as double lines on our exposures, and we
were able to measure the brightest among them as two separate lines. In
every case a weaker component lies on the side of lower wavelengths. It is
likely that the difference between the frequency numbers of the main line
and both of its components is identical for all pairs; but we cannot say
anything definite in this regard and are forced to also restrict our
calculations to the main lines.

KEY TO TABLE:

- S INCRETENE SINS
vt = a Stronger Series:
b Bemcunefc Beobvachze ‘ttd e Luisprecaends £ -
. : requency number=...
w eV pachtete o, hwizzungs Schwingungss Differenz Didersnz der — E y
Welivulingze :.xL\i =il Welieniﬁu Jen b observed wavelength
;e (578038 IR — a1 - 0l ¢ calculated frequency no.
Guan, b PUNERA NI =g —_0
et ’ 2 = ce ey e — d observed frequency number
R 1700850 PRI —_ 3 a —
v PRSI 13s06.22 PEELI T — LY e difference
° 2La0.28 PR E PV HICE R TINA. - U85 —_ Ul -
5 L4785 1230344 LétudaRd - 10,503 - Ul _f_ corresponding difference
T . 20070,43 20575.4% - 0,50 — .12
D 2 in wavelengths
g Schwiichere Serie.

.\'chwingunwsznhl '*mo 98 — 110829.5 n=2 — 2435 n=". g Weaker Series:

b Bpreghnetec Beob.xchteted 2 Lntspruhcude f
Beobachtete Yehwingunys- Schwingungss Differenz  Ditferen: der =

frequency number =...

W cllt.nliinge 2ahl zahl '\Vellenl im;u
4 .UU?AS 14276,66 14276,78 + 0,22 ; —-041
5 L9983 - 16777,92 1 1877748 — 044 | 40,10
5 5512,02 1818477 7 138134,27 — 0,30 + 0,13
T 527525, 1895211 18031.28 - 0,83 + 0,23
s . 5130,70 1948223 1943520 +297T  —08
Yo BU3TH4 15840,48 19846,31 + 0,33 — 0,21
10 4973,0% 200103,20 20102,39 - 2,31 4+ 057
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Both formulas are calculated according to the mathod of least squaraes,
in which all frequency numbers are assigned the same weight. This also
glves the higher frequency numbers more importance than is warranted by their
accuracy, but is nonetheless preferable since by this method the terminus of
the series, the frequency numbers corresponding to n=©0, can be determined
with greater exactitude.

Following Rydberg's formula, we obtain for the same series the formulas:

21203.08 = 109386.7 (5 = 0.18191)=-
2L = 1108487 10 == U 0L03i=-

‘The difference as compared to observed values is insignificant. At the same

time one must say in favor of Rydberg's formulation once again that his first
constants for both series as well as the second constants show less deviation

than those in the formulations of Kayser and Runge.

According to the formulas, the two series originate close to the same
point. They must therefore be regarded as subseries. Thus, the oxygen
spectrum has two sets of subseries. It seems that there is also a second
main series, which relates to the second pair of subseries in a way similar
to the relationship of the first main series with the first pair of subseries.

If we take the formula 131,Ub._1.“1567'” _ gt -

from the one series, following Rydberg's law deriving from it the formula
d = 109366,7 {n + 7)==

where 21203.38 = 109366.7{1 + 7.~

and A = 109866,7 (2 = 0,161915-2,

then we obtain the following frequency numbers for n=1, 2, 3:
2214800
26373,15

The first number corresponds to a wavelength in the infrared region, in which
we lack measurements. The following two lines, however, are not markedly
different from the frequency numbers of the two strong lines at 4368.466 and
at 3692.586:

calculated 24N 203TH1D
observed 'u a2 210780
difference s i)
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% 1 In the case of the first main series the calculated values for 820 and 947
% % were less than those observed. Therefore it is not impossible that we have z
E § here a szcond main series, although we did not succeed in finding the g
5 i subsequent lines. It must also be emphasized that the frequency numbers '§
: i . calculated for the main series are derived from the frequency numbers of é%
: the stronger of the two subseries, whereas according to Rydberg the weaker .3
subseries should have been used. ;
;;

The overview of the six series given in the illustration at the end
of this article shows great similarities with the six series in the spectrum
of Cleveite gas.l Two subseries each and the main series belonging to them
give us the picture of an alkali spectrum. In our work on Cleveite gas we
spoke about our feeling that it was composed of two elements, corresponding
to two groups of three series each. This conclusion must now be rejected,
since the same reasoning could lead one to conclude that oxygen had two

separate component elements.

RO

§ 4, THE SERIES SPECTRUM OF SULFUR

= Sulfur exhibits a spectrum analogous to the compound line spectrum of
oxygen. We equipped the Geissler tubes with a bulb-shaped end which we
filled with concentrated sulfuric acid. The electrodes consisted of thin
platinum plates and the tube remained connected to the U-shaped tube
described above for the generation of oxygen. We heated the sulfuric acid
in the bulb until it vaporized and some of the vapor condensed in the

capillary part. When one waited until the water vapor produced at the same

e

time was mostly absorbed, while running a stream of oxygen through the tube

WOHRALA

at the same time, then the spectrum described below appeared right afterwards.

Provided the tube was set up using pure materials from the start, this was a

pure spectrum, aside from the compound line spectrum produced by the oxygen.

.

v
.

TR S R N R AR

% ) After some time it became strongly contaminated by the second oxygen spectrum,

i probably due to contamination of the sulfuric acid with organic compounds.

%- The principal lines of the new spectrum also showed up when sulfur was heated t
él in the tube and oxygen was introduced; secondly, when sulfuric acid was

£ introduced. In both of these cases the band spectrumdominates, and it seems

;é that the new spectrum is only produced in the presence of oxygen.

}f A -1) C. llunge u. F. Paschen, Astrophysical. Journ. Jan. 1~96.
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It is best preserved with sulfuric acid and even then it improves in an

oxygen atmosphere.
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The following table shows the observed wavelengths:

KEY TO THE TABLE:

I o ja (o (o (e

j=

T

wavelength
mean error

no. of observations
intensity

remarks

intervals of these three
lines were measured with
the larger grid and are
swuch more precise than
the wavelengths.

the same 1s true for
these lines.

this line coincides with
an impurity, possibly
stemming from oxygen.
this weak line could
only be detefmined to

ca. 2 angstrom units.



§ 5. THE SERIES OF THE SULFUR SPECTRUM

The greater part of the lines listed here form two series of triplets,

- g T ————y
g e ————
————

a b c d
Bcobachtch", -
Wellen. ™ “":l‘;m;" Diftferenz Bemerkungen
b

1inge

ST

34908
| 674592
5415.8%
n408,52
8403,70
205207
5049.20

cogRet

......

S0
STu0 by
Judt.u2
H514.48
HTALIE Y

36L0.02

Sidd 0

5381,13
5875.90
5392.52
5295,80
52£0,89
5287,38

1479408
I E R
1S40
1538257
1380047

1561153

19843,44
12561,9%

183%5,1%
185986,15
1860%,12
18877,50
18800,24
158908,00

13,00

Cims

11,29

18,01
10,94

11,74
10,76

Dritte Cumponente nicht beobnehser.
e

| which show many analogs to those of the oxygen spectrum. The differences
of the frequency numbers of the three componeunts of each triplet are once
again identical for all triplets, insofar as our observations allow

; such conclusions:

KEY TO THE TABLE:

a observed wavelength
b frequency number

¢ difference

d remarks

e third component was

not observed



The mean values for the frequency differences are 18.15 and 11.13,

when weighting is taken into account.

One can now adjust the three

components of each triplet by weighting them so that the frequency
differences 18.15 and 11.13 obtain while the center of gravity of each
triplet remains at the same point,

given in column two of the following table:
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The corrected frequency numbers are

KEY TO THE TABLE:

[v] Im

= =

-

observed frequency
number
corrected frequency
number
difference
corresponding difference
in wavelength

1)

mean error in

observed wavelength

1) Concerning the mean error, the observations regarding the oxygen spectrum

are also in order here.

Given the small number of measurements, the

exactitude of a wavelength is to be judged less by the individual mean

errors than by the mean error taken as a whole.
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As is shown by the illustration at the end of this article, the triplets
can be arranged in two series, which decrease in intensity as the frequency
numbers increase, and originate at the same point. In other words, they
have the characteristics of subseries. We have observed six triplets of
the stronger of the two series, which we call the 1. subseries, while we
have found only four of the weaker series, which we call the 2. subseries.

The frequency numbers can once again be represented by a formula:

h .
f e A= i =

I L T A P s S A

s i)

where the constant B has approximately the same value as in all other series.

In the following, the values of the formulas are compared with our observed
values.

The formula is calculated in such a way that
it corresponds most closely to the frequency
numbers corrected to the constant frequency
difference by the method of least squares. 411

frequency numbers are assigned equal weight at

T Ty A b A P PRt S

7

the same time.

i

The formulas are derived from the IL“USTRATION 3. §

frequency numbers of the first three triplets, Sulfur triplet: %

corrected to identical frequency differences, 4694.4/4695.7/4696.5 %
without equalization. Inclusion of the fourth Exposure made using '
triplet would alter nothing in our calculations. the large grid (enlarged)

The formulas of the two series show by the close correspondence of their

first constants that the two series originate very close to the same point.

For smaller values of n the formula of the first series gives us two
more triplets which fall in the infrared range, where we made no observations.
The formula for the second series also gives us two more triplets, of which
one should lie around 770 and thus should be still barely visible. We have
searched for it but could not discover it. At that it is quite possible
that the lines escaped us due to the smaller intensity of the second series

and the decreased sensitivity of the eye in this range of the spectrum.
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KEY TO THE TABLES:
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By analogy with the oxygen spectrum, one would expect an additional
main series of triplets, in which the frequency differences do noc remain
constant but draw closer together from triplet to triplets as the frequency
numbers increase. In this, according to Rydberg's law, the strongest
component would have the smallest frequency number in each triplet, the
reverse of the situation in the subseries. - According to Rydberg the formula
of this series could be calculated from that of the 2. subseries, in the
‘maﬁner indicated above for the oxygen spectrum. In Rydberg's formulation,

the formula for the frequency numbers of the 2. subseries is:

strongest line: uwceil - ieses o TNl =<
middle line $OTUOYT LY = Lessis L o e 6070402
weakest 1ine . QULNS 23 = (ussusbin == G 0T a4 =2

From this we derive the formula for the main series:

strongest line: 29515.56 — 105363.5 10 = n,3u352;=2
middle line ¢ QUL15,58 — 1098625 (0 + Q3UTHII=2
weakest line : 2951535 — 103363.5 (1 + 0.326%3)~?
For n=2 the triplet falls in the infrared range, but for n=3 we get the

frequency numbers:

dif
‘strongest line: ..., 1fference
middle line : 1m%254} 5,21
weakest line : 19,1905/ 3.79

With the oxygen spectrum the numbers so calculated give only a rough
approximation of the actual values. Only their differences corresponded
well with the differences of the actual values. The actual frequency
numbers were considerably larger. If we suspect a similar case here, it
is not improbable that the strong triplet at wavelength 469 belongs to the
‘main series. It is true that the frequency numbers exceed the calculated
values by even more than in- the case of the corresponding oxygen lines, yet

the frequency differences fit the calculated values quite well.

Wavelength Frequency no. Difference

strongest line: PURTRTN: szmar .
middle line : ‘
weakest line : IR,

R Vel ne
L LR PR ) [ R
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Rydberg's derivation of the formula for the main series contains
two assumptions, as explained above, and these can be regarded separately.
the first contains only a rough approximation of actual data. The other one
is well demonstrated in other spectra as well, and can be stated as follows:
the difference between the frequency numbers of the ends of the main and
subseries equals the frequency numbers of the first member of the main
series. If one considers this assumption by itself, then one has a constant
for the determination of the main series formula and one can use observed

values to calculate the formula:

frequency number of the strongest line: 3li23.03—103363.5n—0023525-2
frequency number of the middle line : ‘Hl'.’?'.'J'.‘—lUt:s')?:-u:(--")..;:..-i-"-‘
. 2112300 = 108262.3 1= 0. 3205312

frequency number of the weakest linre

These formulas now give for the following value of n tte wavelengths (in air):
3u4.54
Suieaw
3950,25

which we were no more able to observe than the corresponding lines of the

oxygen spectrum. The intensity in the main series must therefore also be
decreasing rapidly at higher frequency numbers, if this assumption regarding

the main series is correct.

We think it quite probable that the sulfur spectrum also has analogs
for the other three series of the oxygsn spectrum. At the same time we did
not succeed in demonstrating their existence. The strong triple line at
5279 possibly corresponds with the strong oxygen line at 4368. This would
then have to be a narrow triplet, so narrow that it would be very difficult
to separate the components. Then the two subseries belonging to 4368 would
also have to consist of triplets. A comparison of the frequency differences
of the other oxygen- and sulfur-triplets shows, in fact, that the frequency
differences of 3.70 and 2.08 with oxygen increase to 18.15 and 11.13 with
sulfur, that is by a ratio of 1 to 5. With the alkalis the frequency
difference increases from element to element proportional to the square of
the atomic weights. Here the increase is somewhat more pronounced, since
the squares of the atomic weights of oxygen and sulfur are in the proportion
1l to 4.
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§ 6. THE SERIES SPECTRUM OF SELENIUM

Selenium also has a spectrum analogous to the compound line spectrum

e R

Ly,

)

. s a s . .1
of oxygen. If one puts selenic acid instead of concentrated sulfuric acid

™
2,

AR

into the bulb of the Geissler tube, treating it in the manner described on

Yy
2
X

I8

. p. 669 above [p. 26 of the translation], the series spectrum of selenium

£
L

AL

appears. The selenic acid must be heated to a somewhat higher temperature

)
A

ki

g than the sulfuric acid before the vapor begins to condense in the capillaries
and the spectrum becomes bright. On the other hand, the spectrum remains

good for a longer period than that of sulfur. As with the generation of a

S MO AL LA -t

sulfur spectrum, the presence of an oxygen atmosphere appears to favor the

lae

3 generation of a selenium spectrum. Again as with oxygen and sulfur, the
lines of the selenium spark spectrum can be seen at the same time. We were
3 able to observe many, though not all, of the lines of the selenium spark

13 spectrum described by Pliicker and Hittorf. These are not listed in the table

below. Our primary concern was that selenium spectrum to which the triplets

belong. Only this latter spectrum was visible from time to time, alcng with
the lines of oxygen and hvdrogen. But we did not retain the tubes in chis
state for any length of time. Therefore we did not obtain a pure spectrum

on our photographs, which needed a longer exposure due to the lesser
intensity. Among the red lines we were only able to measure the stronger
ones. Only these are listed in our table, along with some weaker lines lying
next to the measured lines, which latter could then be estimated without a

micrometric measurement.

1 .
)We concentrated the commercially obtained dilute selenic acid by careful
evaporation until it no longer gave off water vapor in a vacuum.
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It is not beyond the range of possibili:iy that some of the weaker among
the lines listed here belong to the spark spectrum. Nevertheless, the greater
part forms a series spectrum of triplets that do not appear in the spark
spectrum, one that is analogous to both of the described spectra of sulfur
and oxygen.

The constants of the differences between the frequency numbers of the

triplets lines cannot be demonstrated as clearly with selenium as with the

.elements of lesser atomic weight. It appears that the components of these

“triplets are accompanied in part by weak companions, and that these and not

the principal lines give us the constant frequency differences. Similar
features have been observed with the 1. subseries of calcium, strontium, zinc,
cadmium, and mercurf; These weak companions are, however, easy to miss and
cannot be measured accurately. Therefore we would like to avoid the ready
conclusion from the deviations from the constant frequency difference, which
would suggest that the complete and exact measurement of of the weaker
components woulii not result in a constant here also.

KEY TO THE TABLE:

a Vuteas beeswmimnsami:  Cluderouzen

Tl "ruit a wavelength
RO )
01428 $202.54 102,59 b frequency number
' .);“.'.“7' 11-.)8.“'- - "T.,T - .
STIER T 1 3300,21 TR ¢ differences
PTG Tisl1a

A Letladl RO R

RO S Prozlost ) PR

T T 106653 R YR
USRS S 15303,%5 .. ... e e
[ £325,4 13504,98 Ly 108
l 5284,51 1590%,%0 fr 10384
| 825419 15903,52 :

982,54 15910,27 ‘ .-
f 629,23 15045,45 Lo
| 5208,2 15953,80 e

8177,87 16182,41 -

$138,51 16236,17 ] o

6121,95 ; 16330,22 J 44,09
[ 5962,08 - 16768,10
| 5061,7 - 16789,17 1 104,05
{osemsx ' 16872,15 ii 103,50

5925,13 16872,67 P[] 49,08

5909,49 16917,28 JJ 44,88
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It is not practicable to correct the numbers to equal frequency
differences, as was done with the oxygen~ and sulfur-triplets, since with
the weak companions one never knows which line should be adjusted and how.
All the same one can become convinced that the triplets form two series.

In the illustration at fhe end of this article they are graphed, where, due
to the small scale employed, the weak companions are not indicated. The

dotted lines are not as observed, but drawn to better show the symmetry with
the other lines.

In order to show that both series can be represented by formulas, which
show all the characteristics of series formulas, it is enough to take one line
from each triplet. With triplets that do not show companions we chose the
longest wavelength, with the others the companion having the longest wavelength
since it seems that the companions are the ones that give a comnstant frequency

difference. Because of the uncertainty concerning the companions, the formulas
are not equalized.

The frequency number that is the third from the last, 17794.91, matches
the wavelength 5618.05} The other two components of the triplet should be

1) The third line was not observed.
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BerecimeteS H-.'uhnchmtui £ £ b frequency number
a Sehwingungs Schwingungs Didoren: Remerkung
ahl aahl & calculated frequency no.
et e d observed frequency no.
) (RN i LR ST it 13,00 l y 5 ‘ ) -
AR LI L L R T
A 10408 10804.99 0,00 T beneemag e e difference
. TRTEN1Y 10607 A0 ! venstanteny oensize, —
3 LTS 050 130T = 12 2 f remark
v PRy 37940 - 1T
Tt i;?f.: . g wused for computing the
X HTCN s Sax2.6! -5
LRIulan 1200 - law constants
h Zweite sehwilcherer Nebensorie,
b Schwingungszabl = 14298.72 = L1100 4= = 1227 =% h second (weaker) triplet
Berechuete€ Beobachtered € _f_
@ Scuwingunge- Schwingungse Diderens Deineranuges
zuhil zuhl
- 1 . : ’ K [} . X
i bAstEiD l4,nt43,'ld 3.33 b Zar Berechuung der
v L1241 bilsz.At ' ‘ Coustanten benurat,
N 17005,41 17005,31 0,00
3 17539.75 1535,09 - 1,68 £

still strong enough in order to be noticeable, but they fall into ome of the
green oxygen bands. Presumably 5618.05 also has a weak companion of smaller
wavelength. That would explain the unsystematic deviation of this line from
the formula. The last frequency number belongs to the wavelength 5464.82.
here the other two components of the triplet could no longer be observed.
The line 5416.94 (intensity 1) frequency number 18455.57 (observed once)
also belongs perhaps to the subsequent triplets, since calculation gives us

a frequency number 18455.72. The line could also be due to contamination,

however.

The two series of lines falling into the infrared range correspond to

the smaller values of n, for which we have no observed values.

In order to search for a main series in the selenium spectrum, we have

calculated the 2. subseries accordine to Rvdberg's formula:
Frequency number = 1123698 = 1183 i = Lonai=2
If one assumes that the frequency differences of two neighboring

components of a triplet are in the mean at 103.71 and 44.55, then the other

two components can be represented by the following formula:
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From this, according to Rydberg, one can find the formulas for the main

series: G Ca
N ), . — v.cl ,'“'u".. v - R ..'_. rt,
BN RYINTH

where . :,. ., are to be determined in such a manner that the second terminus
LN =. equal to the termini 19286.76, 19390.47, and 19435.02
bécomes the formula for the 2. subseries.

In this manner one obtains the formulas:

strongest line: frequency number= .i- . .- Lol 3l
middle line : frequency number = 278000 = L1030 e O URNE "":
weakest line : frequency number = =27 it =il enlyn=

For n=2 we get wavelengths falling in the infrared range. For n=3,
on the other hand, we obtain the frequency numbers:

difference
strongest line: ... .. ...

middle line: :-:72
wgakest line: 159“T:i,ui

The numbers so calculated represent a very rough approximation in the
cases of oxygen and sulfur. Only their differences gave a good correspondence
with actual values. Actual frequency numbers were substaﬁtially higher. Thus
it seems very probable that the strong triplet at 474 belongs to main series.
We have here: KEY:
strongest line
middle line

lo* |m

d Wellenliinge @ Schwinzungszahl  Ditferenz £

a Stirkste  Linie: 4781,02 T 21131,19 | 36,77 Lo
-§. Mittiere TR 4739,28 21094,42 : 14,37 weakeSt 1ine
G Schwiichste ,, : 1742,52 2100,05 b wavelength

- frequency number

m o o |0

f difference

The frequency differences and the relative intensities fit the laws of
Rydberg. The strongest com@onent, which has the grea;ést wavelength in the
subseries, here has become the shorteat'#hd'the weakest has become the

longest.
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This is still not a sufficient final proof for the existence of a main
series, since for that one would have to observe the other members of that
series. One would expect the next member at ca. 400, and the intervals of
the wavelengths should be at ca. 2.7 and 1.2 angstroms.

able to observe this triplet.

We have not been
Thus, if the supposition regarding a main
series is correct, the intensities would have to fall extraordinarily fast

from memebr to member, otherwise the next member could not escape detection.

We can say nothing definite about whether the strong selenium triplet

at 537 is in fact an analog of the strong oxygen line 4368 and the sulfur

triplet at 528. It appears likely, given the general dirtribution of the

data, as shown in the illustration at the end of this article.

expect smaller frequency differences.

Yet, we would
Also their relative position shows no
similarities with the components of the sulfur triplet at 528.

The frequency differences in the triplets of
the subseries behave in relation to those of
oxygen and sulfur, roughly speaking, as do the

squares of their respective atomic weights.

KEY TO THE TABLE:

. i
frequency difference !

a :
b atomic weight ILLUSTRATION 4.
¢ square of the atomic weight divided by Selenium triplet:
the frequency difference 4731/ 4739 [ 4742
a b < exposure using large grid

] 3,50 und 2,03 H 69 und 123

3 1313, 1,13 32,06 5% a2 (enlarged)

Se 103,7 , 4407 79,07 60, 140

Similar has been observed regarding the line pairs-in the spectra of

the alkalis, and in the triplets of the spectra of magnesium, strontium,
calcium, and of zinc, cadmium, and mercury.

At the same time there is a regularity in that the series as a whole
of 0, S, and Se move towards the side of lower frequency numbers with

the increase in atomic weights, a fact also observed in the series spectra
of other chemically related elements.
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Thus it is shown that oxygen, sulfur, and selenium all three have an
analogous spectrum, for which we have used the name "series spectrum," in

place of the name '"compound line spectrum" used by Schuster.

‘We have also attempted to produce the spectrum of tellurium in the
Geissler tubes. Following the analogy with the circumstances in which
the series spectra of sulfur and selenium appear, we placed telluric acid,
which Professor Seubert was kind ehough to prepare for us, in the bulbous
end of the Geissler tube. We treated it just as we treated selenic acid
and sulfuric acid, but it soon became clear that the temperatures to which
6ne can subject an ordinary glass tube (ca. 500°C) are not sufficient to
vaporize telluric acid to the point that it would condense in the

capillaries. We observed no tellurium lines in this attempt.
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KEY TO ILLUSTRATION:

wavelength

o Im

frequency number
main series
1. subseries,

2, subseries
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